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Abstract 
Some three fourths of electricity generation in Brazil come from renewables. Most of it 
is supplied by hydro, complemented by biomass-fueled thermal power plants and wind, 
while solar is still irrelevant. However, in the medium and long terms, a strong growth is 
expected for wind and solar in the country. Solar and wind resources are variable in time, 
partially unpredictable and cannot be dispatched to meet the load. These characteristics 
require system flexibility, which is the capacity of the power grid to adapt to different 
supply and demand patterns. Given that most thermal plants are not designed for a large 
frequency of operating cycles, renewables penetration may result in higher maintenance 
and operating costs, increased fuel consumption and reduced lifetime. Furthermore, some 
units might be called out-off-merit to maintain voltage and frequency levels. This paper 
presents preliminary results on the ability of thermal units to provide flexibility to the 
country´s grid, through an analysis for the Northeast region bounded by transmission 
constraints among 65 nodes (out of 196 nodes along the country). Results show that the 
power sector in Brazil might not be well equipped to deal with high penetration rates of 
variable renewable energy sources, with impacts on the capacity factor, and on the 
efficiency, of thermal power plants in the country. They also reveal that while wind 
energy increases the need of ramping capabilities, solar has greater impacts on the number 
of starts and shutdowns of conventional units. 
 
Keywords: Variable Renewable Energy, Wind Power, Solar Photovoltaic Power, 
Operation Model, Brazil 
 
1 - Introduction 
Intermittent or variable renewable energy (VAR) is characterized by an inconstant 
generation in time, partially unpredictable and undispatchable. The issue of VAR has 
been gaining notoriety around the world due to the increasing contribution of wind and 
solar photovoltaic generation in power systems. Presently, the overall world electricity 
system is estimated to comprise 370 GW of installed wind turbines [1] and 140 GWp of 
installed photovoltaic systems [2].  
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At low levels of penetration, VAR should be treated as any other normal fluctuation in 
supply and demand and which cannot be predicted accurately [3]. This stage requires 
load/supply real-time monitoring, but not much more than the already commonly 
addressed in load sensitive regions as Brazil. In fact, along the different regions of the 
country, wide load peaks due to extreme temperatures and weather events can lead to high 
load ramp in a short period of time. Moreover, even dispatchable sources such as coal or 
natural gas thermal power plants have unplanned downtime events, bringing this other 
aspect to be considered by the system operator. 
However, large levels of VAR integration bring additional complexity to the system and 
the already existing flexible sources may no longer be sufficient. For instance, countries 
like Germany and Italy, already with large VAR installed capacities, found themselves 
obliged to slow down penetration of renewables due to operational and financial 
constraints [4]. From the inherent system adaptation, a marginal cost of integration should 
be considered for the system design and operation [3,5].  
Hence, there may be an upper limit for VAR participation, from which the marginal utility 
with the incremental VAR installed capacity decreases [6]. This would increase the 
levelized cost of energy, implying in the need for complementary technologies [7,8]. 
A primary effect usually noticed with VAR integration is the need to increase or reduce 
the system load in a short time. With this increase/decrease of the net load in a short time, 
one or more of the following measures should be implemented in order to maintain the 
balance between supply and demand [9]: 
 Dispatch eligible generators should increase/decrease power; 
 Demand should increase/decrease load; 
 Variable energy must be stored or stored energy must be released; and 
 Variable energy must be exported or energy must be imported through high 
voltage transmission lines. 
 
The most remarkable aspect for determining the power plant capacity to provide 
flexibility in a given moment is its situation in the previous moment. For example, plants 
in operation at full power are able only to decrease power, as well as plants out of 
operation require a minimum time to reach minimum stable power to begin operation. In 
this sense, the designated mode of operation of the plant (based, mi-merit or peak) may 
indicate in which power stage a specific power plant is more likely to be, depending on 
the technology used and its operational costs. Fuel availability, specific operational 
guidelines, flood maintenance in rivers, fish preservation or maintenance of water 
resources domestic use are strict delimiters of flexibility capacity [10,11]. 
This study is part of a larger investigation addressing the impacts of variable renewable 
integration in the Brazilian power grid. As a first step and targeting this goal, the Brazilian 
Northeast was considered, since this region presents the largest VAR (wind plus solar) 
installed capacity in the country. To do so, Northeast operation profiles were tested for 
different sun and wind integration throughout a year. In summary, the main objective of 
this paper is to analyze how extensive VAR integration in the Northeast region of Brazil 
will affect the performance of thermal power plants and consequently the efficiency of 
the system.  
The paper is organized as follows. Section 2 describes the Brazilian electricity system 
and in particular the Northeast transmission network, along with the modeling approach 
and data used for the analysis. It also makes an overview of the electricity production 
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system in the Northeast. Results are detailed and analyzed in section 3 and conclusions 
and directions for future work are summarized in section 4.  
 
2 - Study Area, Methods and Data Preparation 
The Brazilian dispatching process follows a traditional incremental cost approach 
including not only operational aspects but also socio-environmental ones. The problem is 
addressed by establishing a ranking of the power plants according to their marginal costs, 
resulting in a merit order from the least to the highest cost. This problem presents high 
complexity due to the need to include other issues such as the stating costs, ramp-up and 
ramp-down restrictions or transmission and environmental restrictions. Once in 
operation, the power group must be kept in operation during a certain time interval before 
being shut-down. Once this happens, the plant must be kept out of the grid during a 
minimum time before starting operation. These and other technical and operational 
conditions must then be fully recognized and included in the dispatching model.  
The Brazilian electricity system is complex and relies on a mix of technologies, with high 
prevalence of hydropower plants. In 2014, more than 60% of electricity produced in the 
country came from hydropower plants, followed by natural gas, biomass, nuclear and 
others. Wind and photovoltaic have yet a small expression but are planned to play a 
relevant role in the near future [12]. The Brazilian electricity system comprises about 140 
GW in installed capacity, which includes 128 GW of synchronous generation (hydro and 
thermal units). The national interconnected system has about 129 thousand kilometers in 
transmission lines [13]. In order to reduce complexity and in a first attempt to model the 
Brazilian electricity system, this paper addresses the particular case of the northeast 
region characterized by high wind and solar energy potential, where important projects 
are planned to be installed during the next years.  
Here, the Northeast system is modelled using the PLEXOS software, a dispatch 
simulation program from Energy Exemplar widely applied on energy studies [14-17]. The 
program uses a set of input parameters such as maximum capacity, minimum stable level, 
ramp constraints, reserve provision, forced outage rates, among much others. Generation 
constraints in an hourly, daily or yearly basis could also be added, such as max/min 
energy, max/min capacity factor, max/min unit starts and must run units. As a result, the 
model determines the optimal generation schedule of each individual power station. 
The PLEXOS model was populated here with individual unit characteristics and technical 
details for each of the northeast power plants. The region has been modelled as an 
autonomous grid exchanging electricity with the north and mid-west/southeast Brazilian 
regions. Regarding the natural resources, hourly wind and sun profiles for different sites 
in the region were assessed. 
The Brazilian ten-year energy plan for 2024 [12] suggests that wind installed capacity 
will be four times higher than it is today, reaching 24 GW for the entire country in that 
year. Solar PV capacity is also expected to present a high growth, reaching 7 GWp also 
in 2024. For this study, five different VAR integration cases have been assumed based on 
the Brazilian ten-year plan, including the base case which is the current Northeast 
installed capacity. Although this expected future capacity comprises the entire country, 
higher integration scenarios were tested in case that this entire capacity power was 
installed in the Northeast, as follows: 
 Base Case: Current Northeast Energy System (5 GW Wind) 
 Case PV 7 GW: Current Electricity System + PV Additional Capacity (7 GW) 
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 Case Wind 12 GW: Current Electricity System + Wind Additional Capacity 
(Additional Wind 7 GW) 
 Case Wind 24 GW: Current Electricity System + Wind Additional Capacity 
(Additional Wind 19 GW) 
 Case PV 7 GW + 24 GW: Current Electricity System + Wind Additional 
(Additional 19 GW) + PV Additional (7 GW) 
 
2.1 - Study Area 
The quality of wind and sun resources for electricity generation is very high in the 
northeast region. The solar resource is prominent in the northeast, notably in the north 
of Bahia due to the semi-arid climate of the region, characterized by its low cloudiness 
throughout the year [18]. The best wind resource is observed in the northeast coastal 
area. In the northeastern countryside inside there is good availability in heights of inner 
Bahia [19].  
According to [20], the photovoltaic potential from centralized power plants in Brazil is 
around 360 GWp. The approach has taken into account the availability of land not 
intended for other activities, areas with a distance up to 5 km from high voltage 
transmission lines and assuming that 1 km2 could fit 50 MWp in installed capacity. Then 
a reduction coefficient of 1.67% has been applied based on the work of [21]. From socio-
economic characteristics such as household income, energy consumption, availability of 
roofs, load curve, cost of capital and financing conditions, [22] found a technical potential 
of approximately 40 GWp or about 54 TWh/year for solar photovoltaic distributed 
generation. 
According to [23], the Brazilian gross wind potential is 7,374 GW, in which 
approximately 10% is technically feasible for generation. The northeast has a technical 
feasibility about 38 GW over an area of 4,124 km2. 
 
2.1.1 – Northeast Transmission Network 
For the proposed model, the transmission network is described by nodes and lines. A node 
represents a bus in the network and the line represent any type of transmission line (AC 
or DC). In order to measure transmission losses in AC lines, the impedance of the network 
is represented through resistance and reactance values. The model simulates the 
transmission between two nodes under the Kirchhoff's circuit laws determining the level 
of losses in the system and the incidence transmission constraints along it. 
The northeast transmission network has 72 thousand km in total, including 500 kV and 
230 KV lines1. For this study, it was assumed that transmission lines connect 65 nodes 
along the region (Figure 1). For each of the 114 lines considered, the specific value of 
maximum flow capacity was inputted from [24] assumed to be directly proportional to its 
operational voltage and current. Initially, only the so-called operation current in the long 
run has been considered, that is the amount of capacity that the line is able to transport at 
normal conditions [25].  
The Northeast region exchanges energy along North and Midwest/Southeast through high 
voltage transmission lines (colored in blue in figure 1). The flow in/out depends on the 
regional prices of electricity, defined on a weekly basis by the system operator. Usually, 
northeast is a net importer on a daily basis, although it has been a net exporter in many 
days of 2014, due the drought in southeast reservoirs [26]. From this example, it can be 
                                                          
1 Distribution network have not been considered.  
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noted that the energy generation as well as the import/export among regions aims at the 
optimization of generation costs in the short run, constrained by technical aspects of 
transmission and physical issues of the energy sources. Particularly relevant is the need 
to maintain certain levels of water in Brazilian hydroelectric reservoirs. Thus, the system 
operator has to quantify the present benefit of water use and the future benefit of storage 
(or energy storage), measured in terms of the expected fuel consumption (or savings) in 
Brazilian thermal plants. The lower the level of hydro reservoirs, the greater will be the 
energy regional prices [27]. 
 
 
Figure 1- Northeast transmission network and nodes 
Having in mind that the system has been modelled for a one-year operation future aspects 
beyond that period were not considered. Regional pricing dynamics aspects have been 
not included also. Instead, in order to quantify the interchange of external energy from 
the north and mid-west/southeast, a simple generator approach was applied in each of 
these regions with no operation costs. The total installed capacity was defined as equal to 
the maximum flow capacity that the northeast could import from each of these regions. 
Besides, a maximum energy import was defined (MWa) from each of these regions for 
every month, based in the historical exchange among these regions [28]. 
Each node is characterized by an object of the systems – generating units and load points 
– which act as positive (generation) or negative charges (demand load) (Table 1).  For 
every hour of the year, each node generates, imports or exports certain amount of energy. 
An over generation and a resulting energy waste may be observed at a node in certain 
conditions such as the lack of transmission capacity out of the node and/or constrains 
applied to a specific generating unit, that are forcing certain levels of generation. This 
might be the case of non-storable variable renewable energy or may derive from some 
inflexibility capacity constraints of conventional generating units. 
Table 1 – Node Characteristics for all cases (upper) and for the specific cases (below) 
All cases 
Nodes in 
Service 
79 AC Lines 114 
AC 
Paths 
105 
Load Points 56 Total Lines 114   
PROCEEDINGS OF ECOS 2016 - THE 29TH INTERNATIONAL CONFERENCE ON 
EFFICIENCY, COST, OPTIMIZATION, SIMULATION AND ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS 
June 19-23, 2016, PORTOROŽ, SLOVENIA 
Specific 
Cases 
 Base PV 7GW 
Wind 12 
GW 
Wind 24 
GW 
Wind 24 GW 
+ PV 7 GW 
Generators 
in Service 
256 522 571 1,034 1,299 
Gen. 
Injection 
Points 
60 62 62 62 62 
Total 
Injection 
Points 
77 79 79 79 79 
 
After the first simulation, some transmission lines were found congested at specific times 
of the year. To fix it, the operation current in the short run has been added on specific 
lines, that is an additional capacity, technically available, but that by regulation should be 
used only for 4 hours at overload periods and in emergency cases [29]. The measure 
allowed for a better energy flow along the system reducing non-load service rate.  
 
2.1.2 – Load Data 
All northeast cities have been related to a node, through a geographic information system 
process. Load data was considered on an hourly basis departing from real information 
taken from the northeast operation, according to data obtained from generation units 
under the system operator decision. These values comprise about 87% of the total load of 
the Northeast region2. The remaining capacity is not dispatched by the operator and 
consists of small diesel oil generators, distributed generation and others. In 2013, the total 
demand was 81.34 TWh, with a peak power of 11,702 MW. This peak moment occurred 
on December, 4th, at 15h.  
Since the load data curve is aggregated to the whole region, a further step was needed in 
order to get a proxy for disaggregation of the energy consumption in each city. For each 
one of 1,794 northeast cities, the disaggregation of the electricity consumption was 
assumed to be proportional to the number of households within specific electricity 
consumption levels according to [30]. Through this approach, it was possible to harness 
each city to a small share of the total northeast load curve (Figure 2). 
                                                          
2 Data have been accessed by personal contact direct to the system operator (ONS) staff.  
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Figure 2- Northeast Load share distribution 
 
2.2 –Northeast Installed Capacity 
Fossil fuels share in the northeast power system are close to the values for the entire 
Brazilian system (31%), while hydro is lower (45%) and wind is significantly higher 
(18%) [31,32]. For this study, the base case system assumed a total installed capacity of 
34.13 GW (Table 2). For the modelling, the addition wind and solar PV capacity is 
assumed as previously mentioned.  
Table 2- Base Case Northeast Installed Capacity 
 Power Plants Capacity (MW) 
Biogas 1 19.73 
Biomass* 25 1,266.29 
Coal 4 1,520.60 
Diesel Light Oil 12 896.86 
Dual Fuel (NG + Oil) 1 346.803 
Fuel Oil 13 2,241.37 
Solar PV 1 11,65 
Hydro 10 10,245 
Natural Gas (CCGT) 8 1,776.73 
Natural Gas (OCGT) 1 219.077 
Wind 165 4,086.01 
*sugar cane, elephant grass, wood residues and black liquor 
Source: ANEEL [2015] 
2.2.1 – Variable Renewable Energy 
According to the Brazilian ten-year plan [12], about 7 GW of the power system will 
consist of centralized photovoltaic plants and 24 GW of wind plants in 2024. The 
photovoltaic distributed generation may reach 3.5 GW in 2025, from which 578 MW 
would be allocated in the northeast [22]. 
The first new wind and solar plants should emerge firstly in high potential regions as well 
as high-density urban locations and/or high electricity requirements in case of distributed 
systems. For this study, the location and installed capacity of new power plants is based 
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on projects that have been already registered in the government (Figure 3 and Figure 4). 
The Electricity Energy National Agency (ANEEL) publishes the geographic location of 
all wind and solar photovoltaic projects that already has the required documentation to 
apply on government auctions or a license to build. Many of these projects may never be 
implemented, but are excellent indicators of suitable sites (registered projects in figures 
3 and 4). The documents present also the intended nominal capacity of the project 
representing a good proxy for the possible installed capacity in the medium and long term 
[33]. Specifically, for solar distributed generation locations were taken from [22]. 
Solar PV hourly generation has been modelled through the System Advisor Model 
(SAM) from the National Renewable Energy Laboratory (US Department of Energy). 
SAM is a deterministic model, so an input data set always results in the same output data 
set. The Brazilian solar resource was taken from [34,35]. The hourly resource was created 
from measurements at weather stations of the National Institute of Meteorology 
(INMET), between the years 2000 and 2010. In order to simplify the modelling, twenty 
solar resource sites were chosen in the northeast region. Thus, every new PV power plant 
uses the closest solar resource data (Figure 3).  
 
Figure 3- Northeast Solar Resource Map (10 km), Solar Resource Spots (black dots), Current 
PV Plants (yellow triangles) and Registered Projects (green dots) 
Source: Own development, based on [18,34-36] 
 
Like the solar resource, wind data was taken from [34,35]. Similarly, eight wind resource 
sites were chosen in the northeast region making sure that for each one of the included 
wind power plant the closest wind resource data was considered (Figure 4).  
 
PROCEEDINGS OF ECOS 2016 - THE 29TH INTERNATIONAL CONFERENCE ON 
EFFICIENCY, COST, OPTIMIZATION, SIMULATION AND ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS 
June 19-23, 2016, PORTOROŽ, SLOVENIA 
 
Figure 4- Northeast Wind Speed Resource Map (10 km), Wind Spots (black dots), Current 
Wind Plants (light green dots) and Registered Projects (dark green dots) 
Source: Own development, based on [18,34-36] 
 
2.2.2 – Thermal Power Units 
For this study, only thermal power plants with an installed capacity of at least 15 MW 
were included in the model. The thermal power fleet reaches 8.28 GW and is composed 
by coal, natural gas, fuel oil-, diesel oil-, biomass- and biogas-fueled power plants. All 
thermal units were related to a specific node through the GIS tool. The thermal power 
unit commitment has been modeled considering a set of technical and economic 
constraints, as follows.  
 Start run up rate and Operational Minimum stable level 
 Heat Rate Curve 
 Ramping gradients 
 Min up/down time 
 
Technical information about these operational performances was obtained from different 
sources [37-44]. 
Run up rate is defined in the model by a ramping limit that applies to the generator profile 
while it is running from zero to a minimum stable level. Otherwise, the model would 
consider that generating units would run up instantaneously. Ramping gradients defines 
the amount of power that can increase between minimum stable capacity and full load.  
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Minimum up/down time are the minimum number of hours the unit must be on/off in any 
commitment cycle. 
Costs related to heating/cooling boilers, fuel used to start turbines, water losses and 
others, commonly defined as startup costs were taken from [45,46]. Variable costs (CVU) 
have been taken from Brazilian operation official data [47] for each of thermal plants, 
comprising all operational costs, as maintenance and fuel. Fixed costs for the connection 
to the grid and by the use of the transmission network have not been considered, since 
those are assumed to be similar for all technologies. 
Operation of thermal power plants below full load design usually runs with an additional 
cost due to a less efficient operation. The further from the designed power operation, the 
smaller is the plant conversion efficiency and thus the higher will be the fuel consumption 
per unit of electricity produced (Figure 5). Heat rate curves used for this study were taken 
from manufactures and previously studies. 
 
Figure 5 – Thermal power plants efficiency at 25 ºC for distinct operation load points 
A capacity inflexibility was also considered in some power plants, which in practice 
means a constraint of minimum generation that should not be violated. In the Brazilian 
operation, this inflexibility is usually related to the power plant fuel contract that requires 
the purchase of a pre-defined amount of the product, as occurs in take-or-pay schemes for 
natural gas. It may occur also due to technical constraints related to equipment or the plant 
processes [48,49]. It should be noted, however, that fuel availability itself has not been 
considered in this study, with the exception of biomass. 
Unlike conventional thermal generation, biomass yearly profiles have been assessed 
based on the resource availability throughout the year [50-51].  Resources used in thermal 
units are sugarcane, elephant grass, wood residues and black liquor. The seasonal 
variability of all crops were based on sugarcane´s information given its importance in the 
region, although at least black liquor should have a more stable availability during the 
year. The northeast sugar cane crop begins in September and stands until around May. It 
should be noted the difference between the harvest to the southeast, where this cycle starts 
in May [52]. 
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2.2.3 – Hydro Power Units 
Only medium and large hydropower units were included in the model and the installed 
capacity reaches around 10 GW in the northeast region. All hydro units were related to a 
specific node through the GIS tool. Hydroelectric is the most suitable and flexible source 
of energy to balance load and supply power variations, coupled with a relative small loss 
of efficiency when operating below its power design.  
For modelling purposes, it should bear in mind that hydro unit almost do not work under 
a start engine profile, given its great speed to increase power. For all units modelled, a 
maximum ramp up of 50 MW/min was considered based on previously studies, which 
may be considered conservative. It was assumed that all hydro units can generate up to 
the maximum hydro energy registered in the northeast in 2015 generation [53]. Aiming 
to stress thermal plants operation under VAR integration, hydropower potential have been 
simplified for this study. To do so, a maximum power capacity have been delimited on a 
monthly basis. The hill graph below (Figure 6) represents a hydraulic production equation 
for Sobradinho hydro plant, where one axis is volume (hm3), the other is outflow (m3/s) 
and results in power (MW). It also takes into account the turbine and generator efficiency 
[54]. 
 
Figure 6 - Sobradinho Power Plant Hill chart 
Source: 53 
The hydroelectric production hill chart has been analyzed for 10 hydropower plants out 
13 units modelled within the model (the remaining 3 are small units) in combination with 
historical inflow [55] (Figure 7). Finally, the maximum power capacity for each month 
was taken from the hill chart, given the average inflow value and considering the lower 
volume value available for this configuration.  
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Figure 7- Inflow Average (year 1934-2015) 
 Source: [55] 
3 – Results 
The analysis carried out in this study examines preliminary results related to the dispatch 
operation of conventional power plants due the integration of wind and solar in the 
Brazilian Northeast. In this section, generation profiles for some of the case studies are 
presented for a week in January and another in August, in order to detect two distinct 
moments during the year regarding the availability of hydro, sun and wind resources. 
The first impact on the conventional power generation sources is the decrease of their 
capacity factor, as wind and sun are “must run” units (Table 3). Diesel and fuel oil are too 
expensive and have already low operation in the base case, which remains valid for VAR 
integration simulations3. Biomass and biogas are almost zero-cost operation and these 
plants run whenever possible. This explains their operation at the base load during months 
with biomass fuel availability as January. Among gas and coal, the latter presents lower 
operational cost4 and fits better in the base load because of its lower flexibility. Natural 
gas role as a flexibility provider seems to become evident when one observes the 
significant decrease of the capacity factor even for the relative low wind or PV integration 
(Wind 12 GW or PV 7 GW) case, but quite enough to keep it much of the time as a power 
modulator. This becomes even clearer when one looks for the smaller reduction of the 
capacity factor of natural gas power plants from the low wind and pv cases to the 
following ones. This is exactly the opposite of what is noted for coal, as for small wind 
penetration the capacity factor decrease is not as sharp, but becomes more pronounced 
for large wind penetrations. This shows that as wind power increase, coal power plants 
tend to reduce their role as base load producers.  
 
 
Table 3- Capacity factor and Fuel Use for each of the cases assessed 
                                                          
3 It should bear in mind that only operation costs were considered for all power plants. 
4 Environmental costs such as with local pollution or greenhouse gases emissions were not considered. 
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Capacity Factor (%) 
Base PV 7 GW  Wind 12 GW Wind 24 GW Wind 24 GW 
+ PV 7 GW 
Biomass/Biogas 50.29 50.32 48.99 45.13  40.66  
Coal 97.33 84.14 75.63 36.03  18.10  
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*PV reference capacity factor: 14.85 percent 
**Wind reference capacity factor: 24.06 percent 
*Specific fuel consumption of thermal power plants 
**Thousands 
 
One may ask why wind and PV capacity factors decrease with their increasing installed 
capacity. This occurs because of the wind and PV energy surpluses in a given node (thus 
not consumed in the node) and that are also not transmitted out of the node, either because 
of a lack of transmission capacity or because of a lack of demand outside the node. 
Actually, this energy is not produced and this is reflected for example in the shutdown of 
wind turbines. Precisely this aspect might be one frame for the maximum wind and PV 
penetration viable in the system. For the very large VAR penetration (Wind 24 GW+PV 
7 GW), wind decreases to around 14%, which should not be economically feasible. This 
means a reduction of 10% if compared to wind reference capacity factor, that refers to the 
average among all the chosen sites if the same amount of capacity were installed in each 
one (for instance 1 MW). In other words, reference would be the wind and PV capacity 
factor (or a proxy of it, since one site may have a bigger installed capacity than other) if 
all the energy that the systems are able to produce were actually consumed. 
In the case of the thermal units, the less efficient operation (fuel consumed per energy 
produced) to some extent occurs because of the lowest capacity factors, since for these 
cases power plants tend to operate closer to its minimum stable level. For the low wind 
case, the highest efficiency loss occurs in the gas units. The reduction of efficiency is also 
higher from the base case to the low wind case, than from the low wind case to the high 
wind case. It should be noted that heat rate curves were not applied on biomass, fuel and 
diesel oil in this study, so the fuel use variation is due only to a non-optimal operation in 
both coal and natural gas plants. On the other hand, since the thermal units produce less 
energy with VAR integration, they also consume less fuel (TJ). The high and wind and 
PV cases consumes around 28% of what was consumed in the base case. 
The base case it supposed to be a picture of the current operation dispatch in the northeast 
region (Figure 8). In general, coal and biomass act as base load and at some extent 
hydropower. It should be noted that, for this exercise, hydropower was not modelled with 
the obligation to provide some power to baseload, as may occur in real operation.  
The main differences between the operation in January and August regards the water and 
biomass availability. For this reason, the second semester presents a significant increase 
on the generation and ramping from natural gas turbines. This also results in the increase 
of imports from the north and mid-west/southeast regions. Regarding sun and wind, the 
latter presents some decrease in its generation, while sun is still negligible. 
Diesel Oil 4.17 0.45 0.43 0.33  0.32  
Dual Fuel 81.76 36.09 42.76 30.42  13.09  
Fuel Oil 4.10 4.62 3.15 2.66  2.40  
Solar PV* 14.71 12.18 13.59 13.52  11.66  
Wind** 23.05 20.48 16.07 12.56  14.07  
Hydro 71.91 69.56 73.05 70.94  64.00  
Natural Gas 45.53  24.71 20.92 15.96  8.99  
 Fuel Use of Thermal Plants 
Specific Fuel 
Cons.*** (TJ/GWh) 
9.55 10.10 10.11 10.26 10.68 
Total**** (TJ) 251 204 178 103 70 
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Figure 8 - Generation profile for the base case i) week in January ii) week in August 
 
It seems that while the wind integration has greater impacts on ramping occurrence of 
conventional power plants, solar photovoltaics has more influence on the number of starts 
and shutdowns (Figure 9). This may be explained by each resource profile. While wind 
has small and medium variations during 24 hours (ramping need events), the sun produces 
a block of electricity all at once (Figure 10) that appears in the morning (shutdown need) 
and ends by the sunset (startup need). It is obvious that the solar resource also presents 
variations during the day (cloudiness, environmental obstructions) but that seems to be 
balanced when there are various systems producing at different sites. 
 
Figure 9 - Power plants start on average per technology category 
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For the low and high wind cases (Figure 11), the increase in profile ramping is 
considerably more evident. The wind profile, and therefore hydro generation (since it is 
the main flexibility supplier), faces several up and downs. To a lesser extent, this aspect 
also influences coal and biomass-base generation that now is not as flat as in the base 
case. While in the base case the largest coal ramp up (7.2 MW/min5) occurs only one 
time, for the low wind case it occurs for 26 moments a year. For the base case, all coal 
units have spent 646 hour ramping up/down during the year. On a larger scale, the same 
applies for gas turbines, which for the base case ramps up/down for 1,937 hours and in 
the high wind case ramps during 3,841 hours a year. These values are even higher for the 
hydroelectric plants. The same happens for the high wind and PV case, although there is 
some balance between sun and wind, slightly easing ramping magnitudes (Figure 12 and 
Table 4). 
 
                                                          
5 Observed in the largest coal power plant in northeast, that has 720 MW installed capacity. This power 
plant could ramp until 9.3 MW/min. 
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Figure 10 - Generation profile for the PV 7 GW case i) week in January ii) week in August 
Figure 11 - Generation profile for the Wind 24 GW case i) week in January ii) week in August Figure 12- Generation p ofile for the PV 7 GW/Wind 24 GW case i) week in January ii) week in August 
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Actually, conventional power plants stay longer periods offline and remains longer times 
ramping when dispatched for the high VAR integration. An interesting aspect is the 
apparent influence of wind and solar resources in the ramp profile. While the solar profile 
increases ramping-up occurrence (positive ramp values), wind seems to has the opposite 
effect (negative ramp values) (table 4). It seems that when the sun goes into operation in 
the morning, the demand is not too high to require a large power reduction in conventional 
units. However, when it goes out in the evening, besides the decrease of the solar power 
at the end of the day, the system must remain at higher power levels due to the Brazilian 
peak period starting.  
Table 4- Ramping Profile for Hydro, Natural Gas and Coal Units 
 Base PV 7 GW Wind 12 GW Wind 24 GW 
Wind 24 GW + 
PV 7 GW 
No ramp* 78,32% 87,69% 81,57% 84,32% 84,32% 
Ramp up 10,83% 6,19% 9,20% 7,83% 7,83% 
Ramp down 10,84% 6,12% 9,23% 7,85% 7,85% 
Máx Ramp** (MW) 1339 1533 1363 1811 1407 
Higher Incidence 
Range (91%-93% ramps) 
-11MW / 
+15MW 
-1MW / 
+27MW 
-26MW / 
+1MW 
-31MW / 
+2MW 
-10MW / 
+18MW 
*No ramp – It means that power output is exactly the same of the time just before, including shutdown power plants 
that remains offline. 
** Maximum ramp observed at a specific power plant, hourly ramp needs for the entire system could be even higher 
in this case. Because of its large magnitude, these ramps were necessarily met by hydro units. 
 
Furthermore, it seems that there is a certain complementarity between the sun and wind 
that lowers the maximum ramp of conventional units in the high wind and solar case. 
Thus, to a greater or lesser degree, maximum ramps always increase with the integration 
of VAR, but it still represents a relative small share of the plant activity (Figure 13). At 
least 90% of yearly lifetime occurs on the ramp rage from around -30 MW to 30 MW for 
all cases, including no-ramp steps (Table 4 and Figure 13). 
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Figure 13 - Frequency within ramps greater than 400 MW for i) base case ii) PV 7 GW + Wind 24 GW 
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4 – Conclusions and Future Works 
This paper presented a preliminary assessment of the impacts of variable renewable 
integration in the Brazilian power grid. As a first step, the Brazilian Northeast region was 
evaluated, which has outstanding wind and solar resources. Different levels of wind and 
solar integrations were modelled in PLEXOS software.  
According to the results, the wind and solar penetration should impact the northeast 
electricity system, mainly through the modification on conventional units´ operation 
patterns. The capacity factor of conventional units tends to decrease with VAR 
integration, since part of the load demand is supplied by sun and wind power. This results 
mainly from their first position in merit order, as must run units. The decrease of the 
capacity factor of conventional units may result in the increase of operational costs, 
although we have opted to not go into detail on this point by now. It should be noted that 
the wind and solar capacity factor also decreases for each case. In that sense, we have 
shown that typical capacity factors of wind and PV system based only on their 
geographical resource availability (called reference capacity factor in this study) must not 
be considered on system energy planning scenarios, since they do not reflect reality. 
From the operation model, we have found that wind and solar PV may impact the system 
in different ways. While wind energy increases the need of ramping capabilities, solar has 
a huge impact on the number of starts and shutdowns, since some conventional units will 
be removed from the system from long periods while solar provides a significant share of 
the load. With VAR integration, conventional plants tend to stay longer offline, increasing 
cycling values, which in turn may increase maintenance costs. 
For all results, it should have in mind that the hourly model does not allow to perceive 
variations of minutes or even seconds in sun and wind resources or even in load demand, 
which may change some aspects the power plants operations. 
Further steps need to go deeper in this analysis, taking in mind power plants geographic 
localization as well as the most important load hotspots. Besides, the flexibility from 
conventional units that remains at certain levels of VAR integration needs to be assessed 
in order to define an upper limit for it. Some operation constraints also need to be refined 
to better reflect the functioning of the system.  
 
Acknowledgments 
This research was supported by a Marie Curie International Research Staff Exchange 
Scheme Fellowship within the 7th European Union Framework Programme, under 
project NETEP- European Brazilian Network on Energy Planning (PIRSES-GA-2013-
612263). The authors would also like to express their gratitude to the Coordination for 
the Improvement of Higher Education Personnel (CAPES - Coordenação de 
Aperfeiçoamento de Pessoal de Nível Superior) for the essential support given for this 
work to be carried out. 
 
REFERENCES 
 
[1] GWEC. Global Wind Report Annual Market Update 2014. Brussels, Belgium: Global 
Wind Energy Council, 2014.  
[2] EPIA. Global Market Outlook - For Photovoltaics 2014-2018. Brussels, Belgium: 
European Photovoltaic Industry Association, 2014.  
PROCEEDINGS OF ECOS 2016 - THE 29TH INTERNATIONAL CONFERENCE ON 
EFFICIENCY, COST, OPTIMIZATION, SIMULATION AND ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS 
June 19-23, 2016, PORTOROŽ, SLOVENIA 
[3] ESMAP. Bringing Variable Renewable Energy up to scale - Options for Grid 
Integration Using Natural Gas and Energy Storage. Washington: Energy Sector 
Management Assistance Program, World Bank, 2015.  
[4] Fraunhofer Ise. Recent Facts About Photovoltaics in Germany. Freiburg, Germany: 
Fraunhofer Institute for Solar Energy Systems Ise, Maio 2015.  
[5] Hirth, L.; Ueckerdt, F.; Edenhofer, O. Why Wind is Not Coal: On The Economics Of 
Electricity. Rochester, Ny: Social Science Research Network, 24 Abr. 2014. 
[6] Denholm, P.; Margolis, R. M. Evaluating The Limits of Solar Photovoltaics (Pv) In 
Traditional Electric Power Systems. Energy Policy, V. 35, N. 5, P. 2852–2861, Maio 
2007a.  
[7] Denholm, P.; Margolis, R. M. Evaluating The Limits of Solar Photovoltaics (Pv) In 
Electric Power Systems Utilizing Energy Storage and Other Enabling Technologies. 
Energy Policy, V. 35, N. 9, P. 4424–4433, Set. 2007b.  
[8] Steinke, F.; Wolfrum, P.; Hoffmann, C. Grid Vs. Storage in A 100% Renewable 
Europe. Renewable Energy, V. 50, P. 826–832, Fev. 2013. 
[9] IEA. Harnessing Variable Renewables: A Guide to The Balancing Challenge. France: 
International Energy Agency, 2011.  
[10] Gomes, I. Brazil: Country of The Future or Has Its Time Come for Natural Gas? - 
Oies Paper: Ng 88. Oxford Institute For Energy Studies, jun. 2014. 
[11] ONS. Inventário Das Restrições Operativas Hidráulicas Dos Aproveitamentos 
Hidrelétricos - Revisão-2 De 2015. Rio De Janeiro: Operador Nacional Do Sistema, 
2015. 
[12] EPE. Plano Decenal De Energia 2024. Rio De Janeiro: Empresa De Pesquisa 
Energética, 2015.  
[13] MMME. Boletim Mensal De Monitoramento Do Sistema Elétrico Brasileiro – 
dezembro 2015. Brasília: Departamento De Monitoramento Do Sistema Elétrico, 
Secretaria De Energia Elétrica, Ministério De Minas E Energia, 2015. 
[14] Hart, C. L., Wright, J.G. Gas Power Plant Fuel Requirements and Uncertainty 
Considering Increasing Renewables Penetration. African Utility Week, May. 2015. 
[15] Wright, J. Network Constraints for Competing Renewable Power Plants in A 
Resource Rich Area. Power-Gen-Distributech Africa, Jul. 2015. 
[16] Valdebenito, F. Hydro Optimization in Plexos. Energy Exemplar White Papers, 
2014. 
[17] Tao, G. Renewable Generation Integration Study by Plexos. Energy Exemplar White 
Papers, 2014. 
[18] Pereira, E. B. Et Al. Atlas Brasileiro De Energia Solar. São José Dos Campos: 
Divisão De Clima E Meio Ambiente - DMA, Centro De Previsão De Tempo E 
Estudos Climáticos - CPTEC, Instituto Nacional De Pesquisas Espaciais - Inpe, 
Ministério Da Ciência E Tecnologia - MCT, 2006.  
PROCEEDINGS OF ECOS 2016 - THE 29TH INTERNATIONAL CONFERENCE ON 
EFFICIENCY, COST, OPTIMIZATION, SIMULATION AND ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS 
June 19-23, 2016, PORTOROŽ, SLOVENIA 
[19] Amarante, O. C. Et Al. Atlas Do Potencial Eólico Brasileiro. Brasília: Ministério 
De Minas E Energia, 2001.  
[20] Schaeffer, R. Et Al. Potencial De Integração Em Larga Escala De Energia Solar 
(Fotovoltaica E Térmica) Para Geração Centralizada De Eletricidade No Brasil. Rio 
De Janeiro: Instituto Alberto Luiz Coimbra De Pós-Graduação E Pesquisa De 
Engenharia (Coppe) - Programa De Planejamento Energético, Universidade Federal 
Do Rio De Janeiro, 2012.  
[21] Hoogwijk, M. M. On The Global and Regional Potential of Renewable Energy 
Sources. Phd Thesis—Utrecht: Universiteit Utrecht, Faculteit Scheikunde 
Proefschrift Universiteit Utrecht, 2004. 
[22] Miranda, R. F. C.; Szklo, A.; Schaeffer, R. Technical-Economic Potential of Pv 
Systems On Brazilian Rooftops. Renewable Energy, V. 75, P. 694–713, Mar. 2015.  
[23] Dutra, R.; Szklo, A. Assessing Long-Term Incentive Programs for Implementing 
Wind Power in Brazil Using Gis Rule-Based Methods. Renewable Energy, V. 33, N. 
12, P. 2507–2515, dez. 2008. 
[24] ONS. Capacidade Operativa Das Linhas De Transmissão. Rio De Janeiro: Operador 
Nacional Do Sistema, 2015 
[25] ANEEL. Procedimentos De Distribuição De Energia Elétrica No Sistema Elétrico 
Nacional (Prodist) - Planejamento Da Expansão Da Distribuição. Brasília: Agência 
Nacional De Energia Elétrica, 2004 
[26] ANA. Encarte Especial Sobre A Crise Hídrica – Conjuntura Dos Recursos Hídricos 
No Brasil. Brasília: Agência Nacional De Águas, 2014 
[27] Ramos, D. S. Et Al. Important Issues Influencing Thermal Plant Attractiveness In A 
Large Hydroelectric Generation System. International Journal of Electrical Power & 
Energy Systems, V. 25, N. 10, P. 797–807, Dez. 2003.  
[28] ONS. Histórico Da Operação – Intercâmbio Entre As Regiões. Rio De Janeiro: 
Operador Nacional Do Sistema, 2015. 
[29] ABNT. Norma Nbr 5422 - Projeto De Linhas Aéreas De Transmissão De Energia 
Elétrica. Associação Brasileira De Normas Técnicas, 1985. 
[30] Miranda, R. F. C. Photovoltaic Solar Energy Distributed Generation Insertion 
Analysis in the Brazilian Residential Sector (Análise Da Inserção De Geração 
Distribuída De Energia Solar Fotovoltaica No Setor Residencial Brasileiro). Master 
Thesis—Rio De Janeiro: Graduate School Of Engineering (COPPE), Universidade 
Federal do Rio De Janeiro (UFRJ), 2013 
[31] EPE. Balanço Energético Nacional – Ano Base 2014. Rio De Janeiro: Empresa De 
Pesquisa Energética, 2015. 
[32] ANEEL Banco De Informação De Geração – Capacidade De Geração Do Brasil. Rio 
De Janeiro: Agência Nacional De Energia Elétrica, 2015. 
[32] ANEEL. Audiência Pública Nº 036/2011, referente à Revisão Das Resoluções 
Normativas Nº 390 E Nº391 - Processo Nº 48500.006126/2009-20. Rio De Janeiro: 
Agência Nacional De Energia Elétrica, 2013 
PROCEEDINGS OF ECOS 2016 - THE 29TH INTERNATIONAL CONFERENCE ON 
EFFICIENCY, COST, OPTIMIZATION, SIMULATION AND ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS 
June 19-23, 2016, PORTOROŽ, SLOVENIA 
[34] Roriz, M. Arquivos Climáticos De Municípios Brasileiros. Grupo De Trabalho Sobre 
Conforto E Eficiência Energética De Edificações, 2012.  
[35] Roriz, M. Correções Nas Irradiâncias e Iluminâncias dos Arquivos EPW da Base 
Antac. Grupo De Trabalho Sobre Conforto E Eficiência Energética De Edificações, 
2012.  
[36] ANEEL. Sistema De Informações Georreferenciadas do Setor Elétrico. Rio De 
Janeiro: Agência Nacional De Energia Elétrica, 2015 
[37- Bertsch, J. Et Al. Flexibility In Europe’s Power Sector — An Additional 
Requirement or an Automatic Complement? Energy Economics, [S.D.].  
[38] Eurelectric. Flexible Generation: Backing Up Renewables. Brussels, Belgium: 
Renewables Action Plan (Resap), Eurelectric, 2011a.  
[39] IEC. Grid Integration of Large-Capacity Renewable Energy Sources and use of 
Large-Capacity Electrical Energy Storage. Switzerland: International 
Electrotechnical Commission, 2012.  
[40] Lindsay, J.; Dragoon, K. Summary Report On Coal Plant Dynamic Performance 
Capability. Renewable Northwest Project, 2010. 
[41] Lund, P. D. Et Al. Review of Energy System Flexibility Measures to Enable High 
Levels of Variable Renewable Electricity. Renewable and Sustainable Energy 
Reviews, V. 45, P. 785–807, May 2015.  
[42] Madrigal, M.; Porter, K. Operating and Planning Electricity Grids with Variable 
Renewable Generation - Review of Emerging Lessons from Selected Operational 
Experiences and Desktop Studies. [S.L.] The World Bank, 2013.  
[43] NEA. Technical and Economic Aspects of Load Following with Nuclear Power 
Plants. Paris, France: OECD Nuclear Energy Agency, 2011.  
[44] Pratson, L. F.; Haerer, D.; Patiño-Echeverri, D. Fuel Prices, Emission Standards, 
And Generation Costs for Coal Vs Natural Gas Power Plants. Environmental Science 
& Technology, V. 47, N. 9, P. 4926–4933, 7 Maio 2013.  
[45] Bakken, B. H.; Bjorkvoll, T. Hydropower Unit Start-Up Costs2002 Ieee Power 
Engineering Society Summer Meeting. Anais... In: 2002 Ieee Power Engineering 
Society Summer Meeting. Jul. 2002 
[46] Martinez, D. A Methodology for The Consideration of Start-Up Costs Into The 
Marginal Cost Estimated With Production Cost Models. Electricity Market, 2008. 
Eem 2008. 5th International Conference On European. Anais... In: Electricity Market, 
2008. Eem 2008. 5th International Conference On European. Maio 2008 
[47] CCEE. Custo Variável Unitário (Cvu) - Relatórios Do Reajuste Do Custo Variável 
Unitário Revisado Para O Programa Mensal Da Operação. Rio De Janeiro: Câmara 
De Comercialização De Energia Elétrica, 2016. 
[48] ANEEL. Proposta De Regulamentação Para O Tratamento A Ser Dado, Pelo Ons, À 
Declaração De Inflexibilidade De Geração De Usina Termelétrica. - Nota Técnica Nº 
035/2005-Srg/Sem/Aneel. Rio De Janeiro: Agência Nacional De Energia Elétrica, 
2005. 
PROCEEDINGS OF ECOS 2016 - THE 29TH INTERNATIONAL CONFERENCE ON 
EFFICIENCY, COST, OPTIMIZATION, SIMULATION AND ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS 
June 19-23, 2016, PORTOROŽ, SLOVENIA 
[49] EPE. Estudos para a Licitação da Expansão da Geração - Garantia Física Dos 
Empreendimentos Hidrelétricos. Rio de Janeiro: Empresa De Pesquisa Energética, 
2015.  
[50] CONAB. Séries Históricas de Área Plantada, Produtividade E Produção, Relativas 
Às Safras 1976/77 A 2014/15 de Grãos, 2001 A 2014 De Café, 2005/06 A 2014/15 
De Cana-De-Açúcar. Companhia Nacional de Abastecimento, 2015. 
[51] MAPA. Brazilian Northeast Region Monthly Milling of Sugarcane Per Crop. 
Departamento Da Cana-De-Açúcar E Agroenergia, Secretaria De Produção E 
Agroenergia, Ministério Da Agricultura, Pecuária E Abastecimento, 2015a. 
[52] MAPA. Brazilian Center South Region Monthly Milling of Sugarcane Per Crop. 
Departamento da Cana-De-Açúcar E Agroenergia, Secretaria De Produção E 
Agroenergia, Ministério da Agricultura, Pecuária E Abastecimento, 2015b. 
[53] ONS. Histórico Da Operação – Geração Hidráulica. Rio De Janeiro: Operador 
Nacional Do Sistema, 2015. 
[54] Cicogna, M. A. Et Al. (2009). "Multireservoir Simulation Using Multipurpose 
Constraints and Object-Oriented Software Design." World Environmental & Water 
Resources Congress 2009, Ewri/Asce, Kansas City, Missouri, Eua. 
[55] ONS. Séries Históricas De Vazões. Rio De Janeiro: Operador Nacional Do Sistema, 
2015. 
 
 
 
 
 
